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Abstract
Potential safety issues have been raised with the development and
release of virus-resistant transgenic plants. This review focuses on
safety assessment with a special emphasis on crops that have been
commercialized or extensively tested in the field such as squash, pa-
paya, plum, grape, and sugar beet. We discuss topics commonly per-
ceived to be of concern to the environment and to human health—
heteroencapsidation, recombination, synergism, gene flow, impact
on nontarget organisms, and food safety in terms of allergenicity.
The wealth of field observations and experimental data is critically
evaluated to draw inferences on the most relevant issues. We also ex-
press inside views on the safety and benefits of virus-resistant trans-
genic plants, and recommend realistic risk assessment approaches to
assist their timely deregulation and release.

173

A
nn

u.
 R

ev
. P

hy
to

pa
th

ol
. 2

00
7.

45
:1

73
-2

02
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

01
/1

6/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV319-PY45-08 ARI 12 July 2007 11:20

TMV: Tobacco mosaic
virus

INTRODUCTION

The successful development of virus-resistant
transgenic plants in the mid-1980s (74) her-
alded a new era in the control of plant viruses.
This novel way to develop virus-resistant
plants proved particularly relevant in cases
for which host resistance genes had not been
successfully incorporated into susceptible cul-
tivars through hybridization and introgres-
sion. Alternatively, virus resistance could be
achieved by transferring a viral gene into the
genome of a target plant. In 1991, however,
DeZoeten published a timely and provoca-
tive editorial entitled “Risk assessment: do we
let history repeat itself?” (17). The editorial
challenged scientists to assess environmental
risks associated with virus-resistant transgenic
plants. In 1992, the United States Department
of Agriculture (USDA) initiated a competi-
tive research grants program on risk assess-
ment of transgenic plants (5). A major goal of
the funding program was to obtain research
information that would help regulatory agen-
cies make science-based decisions on the safe
release of transgenic crops, including virus-
resistant transgenic crops. This program, still
ongoing, has supported numerous studies on
risk assessment of virus-resistant transgenic
plants (5).

This review aims to analyze science-based
safety assessment studies of virus-resistant
transgenic plants. After we describe the appli-
cation of pathogen-derived resistance (PDR)
to control plant viruses and analyze the ben-
efits of virus-resistant transgenic crops, we
evaluate the wealth of field observations and
experiments to distinguish real from per-
ceived risks. Potential safety issues associated
with virus-resistant transgenic plants include
heteroencapsidation, recombination, syner-
gism, gene flow, effect on nontarget organ-
isms, and food safety in terms of allergenicity.
Although many studies have addressed these
potential risks over the past 15 years, this re-
view focuses only on those that have been car-
ried out in the field and preferentially with
crops that have been commercialized or ex-

tensively tested in the field. Why? We believe
that field studies provide conditions for a real-
istic assessment of the environmental impact
of virus-resistant transgenic plants. Our goal
is to critically examine evidence from field
safety assessment studies and determine the
significance of potential risks to help decide
whether virus-resistant transgenic crops will
take their place in agriculture two decades
after their field release. Are there sufficient
data available to draw science-based conclu-
sions on the real effects of any of the above-
mentioned safety considerations? If not, what
issues do we still need to address in order to
assist regulatory officials? Can some require-
ments for virus-resistant transgenic plants be
harmonized between countries in order to
make the regulatory process less costly and
approvals more timely? And, based on the ex-
tensive safety assessment data and history of
safe commercial use of virus-resistant trans-
genic crops, is it time to focus more squarely
on other factors that affect their deregulation
and release?

PATHOGEN-DERIVED
RESISTANCE AND PLANT
VIRUSES

PDR (82) is a phenomenon whereby trans-
genic plants containing genes or sequences of
a parasite are protected against detrimental
effects of the cognate or related pathogens.
The application of PDR to plant viruses was
first demonstrated by Beachy’s group who
showed that tobacco (74) and tomato (69)
plants expressing the coat protein (CP) gene
of TMV (Tobacco mosaic virus) exhibited re-
sistance or delayed infection when challenge-
inoculated with TMV. The practical effective-
ness of PDR for controlling plant viruses has
been firmly established through numerous in-
dependent studies (9, 61, 65, 94, 101). In fact,
resistance has been achieved against nearly all
families of plant viruses in numerous crops by
applying PDR.

Initially, the dogma was that a viral CP
had to be expressed in order to provide
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resistance. Numerous studies showed that
transgenic plants with viral CP indeed pro-
vided specific resistance against the viruses
with identical or similar CPs. However, over
the past decade, it has been shown that most
examples of PDR for plant viruses are RNA-
mediated and occur through the mechanism
of posttranscriptional gene silencing (PTGS),
which is also now commonly referred to as
the antiviral pathways of RNA silencing (61,
101–103). Basically, induction of RNA silenc-
ing using a viral transgene causes specific
degradation of the genome of the invading
cognate virus and those that have high se-
quence homology to the viral transgene, re-
sulting in a resistance phenotype. Full-length
and truncated viral gene constructs, i.e., CP,
RNA-dependent RNA polymerase (RdRp),
proteinase, movement protein, satellite RNA,
defective interfering RNA, and noncoding re-
gions, have been used to confer resistance. It
has also been shown that certain viral genes
can suppress RNA silencing, and thus lessen
the effectiveness of transgenic resistance in
plants via PDR (76, 102, 104). Notwithstand-
ing, despite the tremendous advances on the
mechanism of PDR, the approach for iden-
tifying resistant phenotypes is still empiri-
cal. Basically, following transformation, re-
sulting plant transformants are screened for
resistance to the target virus by inoculation.
Selected advanced transgenic lines are then
more fully characterized as they approach po-
tential commercialization, including a thor-
ough assessment of their potential risks to the
environment and food safety.

BENEFITS OF
VIRUS-RESISTANT
TRANSGENIC PLANTS

Resistance is the most effective way of con-
trolling plant viruses. In addition to confer-
ring a resistance phenotype, several prop-
erties of the PDR approach are appealing.
First, virus resistance can be incorporated into
a plant without changing its intrinsic phe-
notypic properties, something that is virtu-

ZYMV: Zucchini
yellow mosaic virus

WMV: Watermelon
mosaic virus

CMV: Cucumber
mosaic virus

ally impossible to achieve with conventional
breeding. Second, the same resistant gene
can be incorporated into different plant gen-
era and species that are affected by a given
virus and are amenable to transformation and
regeneration. Third, resistance can be incor-
porated into vegetatively propagated plants,
some of which may be impossible to amelio-
rate through conventional breeding due to ge-
netic incompatibility or linkage to undesired
traits. In the next section, we analyze the ben-
efits of virus-resistant transgenic crops that
have been deregulated and commercialized
in the United States, including squash and
papaya.

Transgenic Squash Resistant
to Cucumber mosaic virus, Zucchini
yellow mosaic virus, and Watermelon
mosaic virus

Virus-resistant transgenic summer squash
(Cucurbita pepo spp. ovifera var. ovifera) lines
ZW-20 and CZW-3 have been successfully
developed (29, 33, 87, 97) and received ex-
emption status from regulation in 1994 (68)
and 1996 (1), respectively. Plants of line
ZW-20 express the CP gene of ZYMV
(Zucchini yellow mosaic virus) and WMV
(Watermelon mosaic virus) and are resistant to
these two viruses (7, 15, 28, 56, 97). Plants of
line CZW-3 express the CP genes of CMV
(Cucumber mosaic virus), ZYMV, and WMV,
and are resistant to these three viruses (31,
85, 97) (Figure 1a). Transgenic lines ZW-20
and CZW-3 have also been successfully used
as progenitors to develop numerous virus-
resistant summer squash cultivars by conven-
tional breeding (6). Pyramiding CP gene con-
structs derived from two or three viruses has
been an effective approach to develop squash
cultivars with resistance to multiple viruses.
Similar degrees of resistance to several viruses
have not been achieved in elite summer squash
cultivars by conventional breeding.

The commercial release of squash culti-
vars derived from lines ZW-20 and CZW-3
has demonstrated the stability and durability
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Figure 1
(a) Squash expressing the CP gene of ZYMV, WMV, and CMV is highly
resistant to mechanical inoculation with a mixture of these three viruses
(upper right), whereas control plants inoculated with only one of these
three viruses are readily infected and exhibit severe symptoms (left and
lower right). (b) Comparative fruit yield of healthy virus-resistant
transgenic crookneck squash (back) and virus-infected nontransgenic
squash ( front). (c) Resistance of transgenic squash to aphid-mediated virus
transmission (center and right rows) from border virus source plants
(left row) under conditions where no insecticide was applied.

of the engineered resistance over more than
a decade. In addition, virus-resistant trans-
genic squash allowed growers to restore their
initial yields in the absence of viruses with a
net benefit of $22 million in 2005 (87). A 50-
fold increase in marketable yield was recorded
for a crookneck cultivar derived from trans-
genic line CZW-3 in comparison to non-
transgenic controls under conditions of severe
disease pressure achieved by aphid-mediated
virus transmission (31) (Figure 1b). Virus-
resistant transgenic cultivars are economically
viable even if they do not display resistance to
all the challenge viruses. For example, resis-
tance to only ZYMV provided salable prod-
uct in the presence of ZYMV, CMV, and
WMV (31). A good adoption rate by growers
mirrored the successful commercialization of
virus-resistant transgenic summer squash cul-
tivars. In 2005, transgenic squash accounted
for 12% of the total acreage in the United
States, with the highest adoption rate in New
Jersey (25%), Florida (22%), Georgia (20%),
South Carolina (20%) and Tennessee (20%)
(87).

Control of aphid-borne viruses in squash
is routinely achieved by cultural practices,
including delayed transplanting relative to
aphid vector flights, the use of film mulch to
repel aphid vectors, and application of stylet
oil in combination with insecticides to reduce
aphid vector populations (73). In the state of
Georgia, it is estimated that ten applications
of stylet oil and insecticides are made rou-
tinely to control aphids and, hence, limit virus
transmission (35). Restricting the reliance on
chemicals directed to arthropod vectors is an
important benefit of the commercial release of
virus-resistant transgenic squash (Figure 1c).

Transgenic squash resistant to ZYMV and
WMV does not serve as virus source for sec-
ondary spread (56). It severely limits infection
rates by restricting challenge viruses to inocu-
lated tissues, reducing their titers, and inhibit-
ing their replication and/or cell-to-cell or sys-
temic movement (28, 31, 56, 97). Lower virus
titers reduce the frequency of virus acquisi-
tion by vectors and subsequent transmission
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within and between fields; hence, virus epi-
demics are substantially limited (56).

Transgenic Papaya Resistant
to Papaya ringspot virus

The development of transgenic papaya resis-
tant to PRSV (Papaya ringspot virus) to the
time of release in Hawaii has been thoroughly
documented (38), and a number of reviews
have been written since its commercializa-
tion in 1998 (39–42). The following section
briefly summarizes the performance of PRSV-
resistant transgenic papaya from its inception
to the present.

Papaya production in Hawaii from 1940s
to 1998. The term papaya ringspot virus was
coined in 1948 by Jensen, who discovered the
virus on Oahu island in Hawaii (54). PRSV
is a potyvirus that is transmitted by several
aphid species in a nonpersistent manner. Re-
sistance genes to PRSV have not been iden-
tified in papaya (Carica papaya), but tolerance
to PRSV is conferred in a quantitative manner
(42). In the 1950s, Oahu island was the main
papaya-growing area of Hawaii but PRSV
forced the industry to relocate to the Puna
district on Hawaii island, where the virus was
not present, plentiful land was available, rain-
fall and sunshine were abundant, and volcanic
rock substrates allowed for good drainage de-
spite an annual average rain fall of 2,540 mm.
Furthermore, the newly accepted Kapoho
solo papaya cultivar was largely adapted to the
Puna region. By the 1970s, Puna was growing
95% of Hawaii’s papaya. However, the poten-
tial threat of PRSV remained because the virus
was only 30 km away in Hilo.

Efforts to develop PRSV-resistant trans-
genic papaya were initiated in 1985 with the
cloning and subsequent sequencing of the CP
gene of PRSV strain HA 5-1, followed by
the biolistic transformation of papaya em-
bryos starting in 1989 and by the identification
of transgenic papaya line 55-1 in 1991 with
resistance to PRSV strain HA under green-
house conditions (23). Line 55-1 was a trans-

PRSV: Papaya
ringspot virus

formant of Sunset, a commercial sibling selec-
tion of the red-fleshed Sunrise papaya cultivar.
In April 1992, a small field trial of R0 plants of
transgenic line 55-1 was established on Oahu
island. By December 1992, experimental data
convincingly showed that line 55-1 was fully
resistant to PRSV under field conditions (62).
This field trial proved to be pivotal because
the current commercial cultivars SunUp and
Rainbow were developed in this small plot
(67). SunUp is a red-fleshed transgenic line
55-1 that is homozygous for the PRSV CP
gene, whereas Rainbow is a yellow-flesh F1
hybrid of SunUp and nontransgenic Kapoho.

Coincidentally, in May 1992, PRSV was
discovered in commercial papaya plantings
in Puna on Hawaii island. Despite valiant
efforts to suppress the spread of PRSV via
scouting and rouging, more than half of Puna
was severely infected with PRSV by 1994,
and the Hawaii Department of Agriculture
(HDOA) abandoned eradication procedures
(Figure 2a). By 1998, much of Puna was in-
fected with PRSV and papaya production was
reduced to about half of the 1992 level (12 vs
24 million kg of fruits) (Table 1), and much of
the papaya fruits were harvested from infected
fields. Hawaii’s papaya industry was surely in
crisis. In 1992, Puna had five packinghouses;
by 1998, only two were left and they were not
operating full time.

In October 1995, a field trial of SunUp
and Rainbow along with nontransgenic pa-
paya was initiated in Puna to determine
the effectiveness of the engineered resistance
to control PRSV under severe virus pres-
sure and to assess the horticultural qualities
of the transgenic cultivars. The field trial
was very successful (22) and convinced re-
searchers, public officials, and growers that
the two transgenic cultivars, especially Rain-
bow, were acceptable for commercial produc-
tion in Hawaii (Figure 2b, c). In fact, the
parent transgenic line 55-1 was deregulated
by the USDA-Animal Plant Health Inspec-
tion Service (APHIS) in 1996 and by the
Environmental Protection Agency in 1997,
and consultation with the Food and Drug
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Administration was completed in 1997. Li-
censes to commercialize transgenic papaya
were obtained by the Papaya Administrative
Committee (PAC) in April 1998 (38). PAC
contracted to produce seeds of SunUp and
Rainbow, and subsequently started free distri-
bution of seeds to growers under a lottery sys-
tem based on need and the severity of PRSV
in production fields (36).

Papaya production in Hawaii from 1998 to
the present. Adoption of PRSV-resistant pa-
paya by farmers was overwhelming and fast.
The rather small size of the papaya industry
in Hawaii, the confined area where the trans-
genic papaya would be released, and the close
relationship between the team of researchers
and papaya growers provided an unique op-
portunity to assess the adoption of the trans-
genic papaya before and soon after its release
(36, 37).

In 1998, it was estimated that Hawaii had
256 papaya farmers, 171 of whom were in
Puna. A survey of 54% (91 of 171) of the
farmers in Puna indicated that (a) 90%–91%
were of Filipino ethnicity, (b) many (46%)
held off-farm jobs, and (c) 38% derived more
than half of their income from raising pa-
paya. These statistics showed that the Hawaii
papaya industry mainly consisted of small
family-oriented growers.

Of the 92 farmers who qualified to receive
transgenic papaya seeds, 90% obtained them,
76% planted them, and 19% actually har-
vested fruits within a year after distribution.

Table 1 Fresh papaya fruit production (x 1,000 kg)
in Hawaii and the Puna district from 1992 to 2004

Year Hawaii production Puna production %
1992a 25,340 24,073 95
1993 26,430 25,108 95
1994 25,522 25,215 99
1995 19,028 17,808 94
1996 17,166 15,529 90
1997 16,212 12,629 78
1998b 16,167 12,148 75
1999 17,892 11,630 65
2000 22,820 15,417 68
2001 23,614 18,297 77
2002 19,391 16,294 84
2003 18,528 16,228 88
2004 15,533 13,737 88

aOutbreak of PRSV in Puna.
bSeed release of PRSV-resistant transgenic papaya.

Most farmers planted transgenic seeds soon
after they received them: Of the 71 farmers
surveyed, 38% planted less than a month after
distribution, 42% planted after 1–3 months,
and 20% planted between 4–9 months. The
reason for adopting transgenic papaya seeds
was overwhelmingly (96%) for resistance to
PRSV. In summary, growers anxiously waited
for seeds of transgenic papaya and planted
them soon after distribution.

After the release of transgenic seeds, farm-
ers mainly cleared infected fields and planted
Rainbow papaya even next to abandoned in-
fected fields (Figure 2d ). The performance
under commercial settings was dramatic,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
(a) Destruction caused by PRSV in a commercial papaya orchard in Puna in 1994. (b) PRSV-infected
nontransgenic papaya (left) and healthy transgenic Rainbow papaya (right) in a field trial in Puna in 1995.
(c) Aerial view of a solid block of healthy transgenic Rainbow papaya surrounded by rows of
PRSV-infected nontransgenic papaya in a field trial in Puna in 1995. (d ) Reclamation of land by
transgenic papaya ( front). Note the dark-green healthy Rainbow papaya (back) growing between
abandoned PRSV-infected papaya orchards. (e) A field of healthy commercial transgenic Rainbow in
1999, only one year after releasing transgenic seeds to the Hawaii papaya industry. ( f ) Transgenic
Rainbow papaya fruits sold in a supermarket. (g) Transgenic Rainbow papaya (right) growing next to
nontrangenic Kapoho papaya (left) under an identity preservation protocol. Note the close proximity of
nontransgenic and transgenic trees. (h) Healthy transgenic Rainbow papaya field (back) next to
PRSV-infected nontransgenic Kapoho ( front) that was cut down before harvest.
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and no breakdown of resistance was ob-
served. By 1999, it was common to see many
healthy commercial fields of transgenic pa-
paya (Figure 2e), a marked contrast from
only a year before. The papaya production
in Puna substantially increased and reached
88% of Hawaii’s fresh fruit papaya produc-
tion (Table 1). Resistance to PRSV has held
up very well over time, and transgenic papaya
fruits are commonly found in supermarkets in
Hawaii (Figure 2f ).

Notwithstanding, Hawaii’s papaya pro-
duction has not yet reached 1992 levels
(Table 1). Several plausible reasons account
for this situation: (a) soon after the release of
transgenic seeds, many farmers planted Rain-
bow papaya and essentially flooded the mar-
ket. Prices dropped and discouraged farm-
ers from planting more papaya. (b) When the
incidence of PRSV was high in 1992–1998,
the papaya market expanded in the mainland
United States through an increased importa-
tion of papaya from Mexico, while Hawaii’s
production decreased. (c) A series of weather-
related setbacks, such as drought or excess
rain, and introduction of new fungal diseases
(black spot) and pest (white peach scale), have
put a damper on overall papaya production.
The bottom line, however, is that papaya pro-
duction in Puna was headed in a straight line
decrease in production due to the incidence
of PRSV (Table 1), and this production loss
due to PRSV was stemmed by the release of
the transgenic papaya. It is highly unlikely that
Puna would be producing much, if any, papaya
today without the transgenic papaya.

Transgenic papaya helps the production
of nontransgenic papaya. Hawaii still needs
to produce nontransgenic papaya in order
to supply its very lucrative export market to
Japan. Why? Japan has not yet deregulated
the PRSV-resistant transgenic papaya. Thus,
for Hawaii to keep its market share in Japan, it
needs to produce nontransgenic papaya. Fur-
thermore, the nontransgenic Kapoho culti-
var has long been the dominant Hawaiian pa-
paya in Japan but it is not adaptable outside of

Puna. This perhaps is the reason why Kauai
and Molokai islands, where there is no PRSV,
have not increased their papaya production
significantly when compared to statewide
figures.

Ironically, the transgenic papaya actually
made possible the production of nontrans-
genic papaya in Puna. This is a major ben-
efit of PRSV-resistant transgenic papaya that
is often overlooked. As noted above, in 1998,
it was virtually impossible to grow nontrans-
genic papaya in much of Puna without severe
infection with PRSV. Replacement of suscep-
tible nontransgenic papaya orchards with re-
sistant transgenic papaya drastically reduced
the incidence of PRSV in many areas of Puna.
This action along with the production of non-
transgenic papaya in locations with low PRSV
prevalence and strict rouging practices have
helped with the economical, although risky,
growing of nontransgenic papaya (Figure 2g).
Growing nontransgenic papaya among large
plantings of transgenic papaya is possible
most likely because transgenic papaya serve
as barriers to cleanse viruliferous aphids of
PRSV prior to their feeding on nontransgenic
papaya.

Transgenic papaya promotes reduction
in land used for papaya production. The
transgenic papaya has helped reduce the ex-
tent of new marginal forestland that is cleared
for growing papaya in Puna. In effect, PRSV-
resistant transgenic papaya can be grown in
existing papaya land in the presence of the
virus, whereas isolation from virus sources
is necessary to grow nontransgenic papaya.
Therefore, growers often clear new areas that
could be used for purposes other than raising
papaya. This often overlooked environmental
benefit of PRSV-resistant transgenic papaya
is important because land in Puna and else-
where in the state of Hawaii is limited and
biodiversity is much treasured.

Transgenic papaya contributes to in-
creased cultivar diversity. Transgenic pa-
paya has increased the diversity of papaya
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cultivars in Hawaii and expanded the pa-
paya market to Oahu island. In 1998, 95% of
Hawaii’s papaya industry was of the Kapoho
cultivar and less than 5% of Sunrise and
Kamiya cultivars. Today, Hawaii growers have
access to PRSV-resistant SunUp, Rainbow,
and a cultivar named Laie Gold. Rainbow
and Laie Gold are grown on Oahu island
where commercial production was largely
abandoned due to PRSV. Whereas Oahu grew
2.5 hectares of papaya in 1960, it now grows
57 hectares of virus-resistant papaya (39). This
would not have happened without the release
and adoption of PRSV-resistant transgenic
papaya.

Scientists in academia can commercial-
ize a transgenic crop. With the exception
of PRSV-resistant trangenic papaya, all com-
mercial transgenic crops have been developed
so far by large and medium-sized corpora-
tions. The fact that the transgenic papaya was
produced and commercialized through the
work of investigators from academia provides
a clear example of how universities and small
research institutions can be instrumental in
developing transgenic crops to solve agricul-
tural problems. Since resistance to viruses in
minor commodity crops, such as papaya, is
less lucrative relative to the economic value
of major commodity crops, it is perhaps not
too surprising that large companies would not
pursue this transgenic arena. The commercial
development of minor virus-resistant trans-
genic crops provides an attractive opportu-
nity to small companies and scientists at public
institutions.

POTENTIAL SAFETY ISSUES
ASSOCIATED WITH
VIRUS-RESISTANT
TRANSGENIC PLANTS

Considerable attention has been paid to po-
tential environmental risks associated with the
release of virus-resistant transgenic crops over
the past 15 years. Here, we review the ma-
jor areas of potential concern with a special

PVY: Potato virus Y

emphasis on crops that have been commer-
cialized in the United States or have been
extensively tested in the field over the past
decade, such as squash, papaya, plum, grape,
and sugar beet. However, safety issues are
not specific to transgenic plants expressing
viral genes. They also apply to conventional
plants that are subjected to virus infection. It
is the engineered trait, e.g., virus resistance,
and the transgene, e.g., a virus-derived gene
construct, that are the source of potential con-
cern, not the methodology used to develop a
virus-resistant plant. Therefore, it is critical
to determine a baseline level of occurrence
against which the impact of transgenic plants
is compared.

Potential safety considerations relate di-
rectly to the fact that resistance to viruses in
plants is achieved through the antiviral path-
ways of RNA silencing that are triggered by
expressing constitutively viral sequences (17,
46, 64, 79, 80, 94). The expression of viral
sequences does not commonly occur in con-
ventional plants, except in a few infected by
pararetroviruses (47, 48) or the one example
of PVY (Potato virus Y ) (91), for which part or
the complete viral genome is inserted into the
plant genome upon virus infection. Potential
risks relate to heteroencapsidation, recombi-
nation, synergism, gene flow, effect on non-
target organisms, and food safety in terms of
allergenicity (17, 46, 64, 79, 80, 94). However,
it is not so much the occurrence of these issues
but rather their consequences that need to be
considered and addressed.

SAFETY ASSESSMENT
OF VIRUS-RESISTANT
TRANSGENIC PLANTS

Heteroencapsidation

Heteroencapsidation refers to the encapsi-
dation of the genome of one virus by the
coat protein of another virus, as sometimes
occurs in plants infected by more than one
virus. Heteroencapsidation also could result
from the CP subunits expressed by the
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PLRV: Potato leafroll
virus

transgenic plant rather than from the second
viral genome (Figure 3). Because the CP
can carry determinants for pathogenicity
and vector specificity, among other key
features (11), the properties of viruses in
transgenic plants might change. For example,
an otherwise vector-nontransmissible virus
could become transmissible through het-

Challenge virus

CP subunits

First virus
offspring

Second virus
offspring

Figure 3
Schematic illustration of heteroencapsidation. In nature, an insect vector
can acquire a virus (challenge virus) from an infected plant and transmit it
to a transgenic plant expressing a viral CP gene. Following particle
disassembly, replication, and translation, the genome of the challenge
virus can be encapsidated by its own CP subunits or those encoded by the
transgene (CP subunits), either partially or fully ( first virus offspring).
Newly formed virions can be acquired by an insect vector and further
transmitted. Note that the second virus progeny (second virus offspring) will
be identical to the challenge virus.

eroencapsidation in a transgenic plant. Also,
a virus could infect an otherwise nonhost
plant as a result of heteroencapsidation and
subsequent vector-mediated transmission.
Consequently, it is theoretically possible
that new virus epidemics could result from
heteroencapsidation.

Heteroencapsidation has been docu-
mented in transgenic herbaceous plants (13,
21, 45, 50, 59, 70). These studies showed that
CP subunits expressed in transgenic plants
are able to encapsidate the RNA genome of
challenge viruses. Heteroencapsidation was
also reported to assist the spread of an other-
wise aphid-nontransmissible strain of ZYMV
(59). However, it has not been found to occur
in transgenic vegetable plants expressing
viral CP gene constructs that were tested
extensively in the field over several years at
different locations. In particular, transgenic
squash and melon expressing the CP gene of
an aphid-transmissible strain of CMV have
been tested for their capacity to trigger the
transmission of an aphid-nontransmissible
strain of CMV through heteroencapsidation
(30). Spread of the aphid-nontransmissible
strain did not occur to detectable level from
724 mechanically inoculated transgenic
plants to 1,130 healthy susceptible nontrans-
genic plants. Aphid-mediated spread of CMV
occurred but molecular characterization
of the CP gene of challenge isolates and
aphid-transmissibility assays indicated clearly
that challenging CMV isolates did not result
from heteroencapsidation but instead were
introduced into the field sites from infected
plants located outside the experimental area
(30). Also, the characteristics of viruses chal-
lenging transgenic potato expressing the CP
gene or RdRp gene of PLRV (Potato leafroll
virus) were not altered to detectable level in
terms of serological properties, transmission
features, host range, and symptomatology,
suggesting that heteroencapsidation did not
occur (96). In addition, for transgenic papaya
and squash, no unexpected emergence of virus
species with undesired characteristics was
reported 8–10 years postcommercialization.
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The only study that demonstrated the
likely occurrence to date of heteroencapsida-
tion in the field was with transgenic squash
expressing the CP gene of WMV, for which
a low rate of transmission of an aphid-
nontransmissible strain of ZYMV (2%, 77 of
3,700) was documented (27). However, trans-
mission of this ZYMV strain was restricted
to individual plants that had a random dis-
tribution pattern and no spatial relationship.
Therefore, spread of the aphid nontransmis-
sible strain of ZYMV did not reach epidemic
proportions (27).

Altogether, changes in vector specificity
and host range are a single-generation, not
a permanent, event because the viral genome
is not affected (Figure 3). As a consequence,
changes will not be perpetuated in the virus
genome progeny. Therefore, heteroencapsi-
dation in transgenic plants expressing virus
CP genes has been of limited significance and
would be expected to be negligible in regard
to adverse environmental effects.

Recombination

Recombination refers to the exchange of ge-
netic material between two distinct RNA
molecules during virus replication. Recombi-
nation can also occur between transcripts of
a viral transgene and the genome of a chal-
lenge virus during replication in a transgenic
plant cell (Figure 4). Resulting recombinant
viruses may have chimeric genomic molecules
consisting of a segment from the challenge vi-
ral genome and another segment from viral
transgene transcripts (Figure 4). Because re-
combination alters the genome of challenge
viruses, new properties of chimeric viruses
will be stably transmitted to and perpetuated
within the virus progeny (Figure 4). Recom-
binant viruses may have identical biological
properties as their parental lineages or new
biological properties that could include prop-
erties that might negatively affect the en-
vironment such as changes in vector speci-
ficity, expanded host range, and increased
pathogenicity. Numerous studies have docu-

GFLV: Grapevine
fanleaf virus

mented the occurrence of recombination in
transgenic herbaceous plants expressing viral
genes (2, 3, 10, 24, 34, 43, 44, 53, 63, 84, 95,
98, 105). The stringency of selective pressure
applied to the challenge virus is a critical factor
in the recovery of recombinant viruses. Con-
ditions of high selective pressure enhance the
detection of recombinant viruses (10, 24, 34,
43, 63, 84). In contrast, limited, if any, recom-
binant viruses have been found under condi-
tions of low or no selective pressure (2, 3, 44,
105). Also, the presence of a complete viral
3′ noncoding region in some transgene con-
structs favors recombination (3, 44, 98). This
is likely explained by the fact that viral 3′ non-
coding regions have sequence elements that
are recognized by the RdRp for initiation of
RNA synthesis; hence, the occurrence of tem-
plate switching increases.

So far, no recombination event has been
found in CP gene-expressing transgenic
plants in the field. In particular, recombi-
nation has not been detected in transgenic
grapevines expressing the CP gene of GFLV
(Grapevine fanleaf virus) that were tested
in two GFLV-infected vineyards sites in
France (99, 100). Test plants consisted of
conventional scions grafted onto transgenic
rootstocks. Analysis of the CP gene of 347
challenge GFLV isolates by immunocapture-
reverse transcription-polymerase chain
reaction-restriction fragment length poly-
morphism indicated no emergence of
recombinants with transgene sequences
(100). Sequence analysis further showed that
GFLV recombinants developed in conven-
tional but not in transgenic plants (99). Also,
a comprehensive analysis of the nucleotide
diversity among GFLV isolate populations
further indicated a lack of genetic differen-
tiation according to the host (transgenic vs
conventional) or field site for the majority
of haplotypes (99). Therefore, there was no
evidence that transgenic grapevines assisted
the creation of viable GFLV recombinants
or affected the molecular diversity of GFLV
populations during a three-year trial period
(99, 100).
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Pro Ter

Modified viral RNA

CP 
sub-
units

CP gene

Figure 4
Schematic
illustration of
recombination. In
nature, an insect
vector can transmit
a virus to a
transgenic plant
expressing a viral
CP gene; such
expression is driven
by a promoter
(Pro) and a
terminator (Ter).
Following particle
disassembly, the
viral genome can
replicate. If
template switching
occurs during
replication
between transcripts
of the transgene
and the viral RNA,
a chimeric RNA
molecule (modified
viral RNA) can
form and be
encapsidated for
subsequent vector
acquisition and
transmission.

PPV: Plum pox virus

Similarly, recombination has not been de-
tected in transgenic plums expressing the
CP gene of PPV (Plum pox virus) that
have been tested in experimental orchards
over 8–10 years in Spain (14) and Romania
(I. Zagrai, unpublished observations). No sig-
nificant difference in nucleotide variability
was found between PPV isolates from trans-
genic (37 isolates) and conventional (109 iso-
lates) plum trees (14; I. Zagrai, unpublished
observations). A few PPV recombinant iso-
lates were detected but they did not emerge
in transgenic plum trees because recombi-
nation events mapped to the RdRp, not to
the CP gene (I. Zagrai, unpublished observa-

tions). Also, no recombination was detected
in CMV isolates from transgenic squash, and
no correlation was found between the vari-
ability of the CMV CP gene within isolates
from transgenic and conventional squash (60).
Furthermore, growers, extension educators,
and scientists have not detected the emer-
gence of viruses with undesired properties in
transgenic squash, papaya, and plum over 8–
10 years of commercial release or extensive
experimental testing.

Altogether, the significance of recombi-
nation between transgenes and viruses ap-
pears to be very limited in regard to adverse
environmental effects. Similar conclusions
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were reached with different viruses (CMV,
GFLV, PPV, PRSV, ZYMV, and WMV) and
different transgenic crops (squash, papaya,
grape, and plum) in different environments in
Europe and the United States.

Transgene Movement by Pollen Flow

Gene flow from cultivated crops to compat-
ible wild relatives is another environmental
issue. In the case of virus-resistant transgenic
crops, wild relatives that acquire host genes
and/or transgenes through pollen flow, and
their progeny could express viral transgenes
(Figure 5), resist the corresponding virus(es),
exhibit increased fitness, and be eventually
more competitive if transferred genes pro-
vided them with a selective advantage (19, 88,
90). Questions have been raised on (a) the de-
velopment and evolution of weed species that
can overrun and disrupt natural ecosystems,

and (b) the potential threat to the genetic di-
versity in wild populations and increased risks
of extinction of wild relatives. Gene flow is
well documented for major conventional crop
species (18, 19, 90). Therefore, understanding
the effects of transgene introgression requires
an understanding of the transgene effect on
wild populations in addition to an understand-
ing of transgene movement per se (19, 90).

The movement of transgenes from virus-
resistant transgenic squash CZW-3 (31, 97)
to its wild relative, Cucurbita pepo spp. ovifera
var. texana, which is referred to here as C.
texana, was recently documented in experi-
mental field settings (25). The rate of hy-
bridization increased with high ratios of
donors over recipients of transgenic pollen
and with overlapping flowering patterns.
More important, movement of transgenes oc-
curred over three generations under condi-
tions of low disease pressure whereas it was

Virus-resistant transgenic
commercial squash

Virus susceptible
free-living squash

Virus-resistant (?)
F1 hybrid

Figure 5
Schematic illustration of transgene movement through hybridization. Transfer of transgenes can occur
from a virus-resistant transgenic crop, for example, a commercial squash, into a compatible
virus-susceptible wild relative via pollen flow. Resulting hybrids can acquire the transgenes and have a
fitness advantage if virus resistance provides them with a selective advantage.
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BNYVV: Beet
necrotic yellow vein
virus

not sustained beyond the first generation un-
der conditions of high disease pressure (25).
This differential is explained by the severe ef-
fect of viruses on plant growth and reproduc-
tive potential at an early development stage
under conditions of high disease pressure. As
expected, progeny of C. texana that acquired
the CP transgenes through gene flow exhib-
ited resistance to the three target viruses, e.g.,
CMV, ZYMV, and WMV. Also, progeny of
C. texana expressing transgenes exhibited in-
creased fitness not only by displaying resis-
tance against CMV, ZYMV, and WMV, but
also by growing more vigorously, and pro-
ducing significantly more fertile fruits and set-
ting more viable seeds than C. texana and their
nontransgenic counterparts under conditions
of high disease pressure (26). In contrast, un-
der conditions of low disease pressure, C.
texana outperformed all the other genotypes
tested whether expressing the transgenes or
not (26).

Our findings indicated that the fitness and
competitiveness of C. texana could be affected
in natural ecosystems if selective virus pres-
sure is high. Therefore, knowledge of virus
incidence in natural habitats is important to
anticipate the ecological fitness of C. texana
and the dynamics of their population struc-
ture. Surveys of wild squash populations, in-
cluding C. texana, for virus incidence have
been conducted in natural habitats (77, 78).
Across most populations studied, virus in-
cidence was extremely low, although it was
found to vary over time and space. The major-
ity of wild squash showed no virus infection;
only a limited number were symptomatic and
some were infected by CMV, ZYMV, and/or
WMV. Therefore, it appears that viruses have
a limited effect on the dynamics of wild squash
populations (78).

Similarly, movement of transgenes was
also documented from transgenic sugar beet
expressing the CP gene of BNYVV (Beet
necrotic yellow vein virus) to wild beet (Beta
vulgaris spp. maritima). Transgenic beet did
not show any significant increase in compet-
itiveness when compared to classically bred

BNYVV-tolerant sugar beet (8). In addition,
a survey of wild beet populations in north-
eastern Italy showed that none were infected
by BNYVV (8). These results suggested
that BNYVV-resistant transgenic sugar beets
are unlikely to become more competitive
in natural habitats upon hybridization and
introgression.

Another means of gene flow is from a trans-
genic crop into a conventional crop (52). Peo-
ple reluctant to adopt virus-resistant trans-
genic plants often refer to this movement of
transgenes as contamination or genetic pol-
lution. This subject is discussed below under
coexistence of transgenic and nontransgenic
crops since it does not pertain to environmen-
tal risk assessment per se.

Synergism

Synergism refers to the interaction of a vi-
ral protein product with another challenge
virus that can result in an aggravation of host
symptom severity and an increase in virus titer
that neither virus can cause independently. In
a transgenic plant, expression of viral genes
can protect against infection by a homologous
virus but can also increase the susceptibility to
a synergistic heterologous virus and affect the
rate of disease spread. Synergism may result
from the inhibition of the plant’s PTGS de-
fense response to virus infection (75, 81, 83).
However, it does not modify existing viruses
or create novel viruses with new characteris-
tics; hence, it is not deemed to cause any envi-
ronmental hazard. Therefore, the significance
of synergism is limited and is not discussed
further here.

Effect on Nontarget Organisms

Virus-resistant transgenic crops can poten-
tially influence the diversity and dynamics
of nontarget organisms, including insect vec-
tors. Also, viral genes that confer resistance
in transgenic crops could provide soil mi-
croorganisms such as bacteria or fungi with
a selective advantage upon horizontal gene
transfer (79). These perceived risks have been

186 Fuchs · Gonsalves

A
nn

u.
 R

ev
. P

hy
to

pa
th

ol
. 2

00
7.

45
:1

73
-2

02
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

01
/1

6/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV319-PY45-08 ARI 12 July 2007 11:20

addressed and shown to have limited, if any,
adverse repercussions. For example, no sig-
nificant difference was found in the diversity
and dynamics of arthropods, including vir-
uliferous aphid vectors, that visited nontrans-
genic and transgenic plum trees expressing a
PPV CP gene construct (14; M. Cambra, un-
published observations). Also, PRSV-resistant
transgenic papaya does not have any signifi-
cant effect on the total count and diversity of
actinomycetes in different soil layers (51). Al-
together, virus-resistant transgenic crops have
not been found to pose a risk to nontarget
organisms.

Food Safety and Allergenicity

Human health effects in terms of allergenic-
ity refer to potential allergenic properties of
proteins encoded by viral sequences that are
expressed in transgenic plants. Virus-derived
transgene protein products can have stretches
of amino acid sequences that are identical
to potential immunoglobulin-E-binding lin-
ear epitopes of allergen proteins, and hence,
could cause new food, contact, or inhalant al-
lergies, or modify the level or nature of intrin-
sic allergens.

Numerous observations suggest that a vi-
ral protein in transgenic plants does not pose
a threat to allergenic safety. Most notable is
that virus-infected crops have been consumed
since plants have been food with no apparent
ill effects known to be due to virus compo-
nents. Also, the deliberate inoculation of mil-
lions of citrus trees to control Citrus tristeza
virus through mild strain cross protection has
been practiced for many years in Brazil (16),
and no adverse outcome on human health
has been reported. Similarly, no ill effect has
been reported from the consumption of pa-
paya fruits harvested from thousands of trees
that were deliberately inoculated with a mild
strain of PRSV (106). Also, to the best of our
knowledge, there is no scientific report docu-
menting any plant viral CP as allergen. Never-
theless, it is prudent to investigate food safety
aspects of virus-resistant transgenic plants.

At present, only three virus-resistant trans-
genic crops have been deregulated in the
United States, and squash and papaya are
in commercial production. Transgenic potato
resistant to PVY and PLRV was deregulated
but withdrawn from the market (55), and a
transgenic plum expressing the CP gene of
PPV is under consideration for deregulation
by USDA-APHIS (86). None of the virus-
derived products expressed by these trans-
genic crops can be considered a potential al-
lergen if one uses the suggested criteria of
minimum sequence relatedness (35%) and a
continuous stretch of eight identical amino
acids to known allergens (49). However, us-
ing six contiguous identical amino acids as
criterion, the CP of PRSV strain HA 5-1,
which is expressed in transgenic SunUp and
Rainbow papaya, matches with the putative
ABA-1 amino acid allergen determinants of
roundworms (57). Nevertheless, a 2002 re-
port showed that the ABA-1 protein is not
an allergen by itself (72), indicating that a
stretch of six identical amino acids was not
a valid approach for judging potential aller-
gens. Other criteria for protein allergenicity
are their stability in simulated gastric juices
and stability to heat. Studies on transgenic
papaya showed that the CP of PRSV strain
HA 5-1 is digested in simulated gastric juices
in less than 5 seconds after exposure, and
much of the protein is degraded by heat (D.
Gonsalves, unpublished observations). Alto-
gether, allergenicity appears not to be a sig-
nificant risk for PRSV-resistant transgenic
papaya.

ARE PERCEIVED RISKS REAL
AND SIGNIFICANT?

Many studies have been conducted to ad-
dress safety issues of virus-resistant transgenic
crops, in particular heteroencapsidation and
recombination. However, only a limited num-
ber have a real significance for risk assess-
ment as most deal with virus-host interactions
rather than with safety. Deciphering virus-
host interactions is a valuable approach to
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identify potential risks (2, 10, 13, 21, 24, 34,
43–45, 50, 53, 59, 63, 70, 84, 95, 98, 105).
For example, examining the occurrence of re-
combination and determining factors that can
affect the extent of its occurrence are impor-
tant. However, virus-host interactions have
limited relevance to environmental safety be-
cause they do not evaluate the consequence(s)
of the occurrence of recombination. As dis-
cussed previously, it is not so much the oc-
currence but rather the consequences that are
critical to assess the impact of virus-resistant
transgenic plants because risks are not funda-
mentally different in transgenic and conven-
tional crops.

It is important to discriminate perceived
and real risks associated with virus-resistant
transgenic plants for the deregulation pro-
cess. Field environmental safety assessment
studies have provided strong evidence of lim-
ited, if any, environmental risks, beyond back-
ground events (14, 27, 30, 56, 60, 96, 99, 100;
I. Zagrai, unpublished observations). These
findings indicate that serious negative en-
vironmental impacts associated with virus-
resistant transgenic plants are substantially
less significant than initially predicted (17,
46, 79, 94). To fully grasp the significance of
environmental risks, the occurrence of het-
eroencapsidation and recombination in the
absence of transgenic plants needs to be taken
into account and considered as baseline in-
formation. So far, there is no compelling ev-
idence to indicate that transgenic plants ex-
pressing viral genes increase the frequency of
heterologous encapsidation or recombination
beyond background events. Similarly, there is
little evidence, if any, to infer that transgenic
plants expressing viral genes alter the prop-
erties of existing virus populations or create
new viruses that otherwise could not emerge
in conventional plants subjected to multiple
virus infection (20).

For heteroencapsidation or recombination
to occur and become significant, a sequence
of low probability events needs to be ful-
filled successfully. Viruliferous vectors need
to land on or be in contact with susceptible

transgenic host plants, then probe or feed,
and transmit virus particles. Virions need to
disassemble, and the genome of challenge
virus isolates needs to replicate and inter-
act with transgene-derived products for het-
eroencapsidation or template switching to
occur in infected cells. Heteroencapsidated
RNA molecules need to assemble and recom-
binant RNA molecules need to be encapsi-
dated. Subsequently, heteroencapsidated and
recombinant virions need to move from cell-
to-cell and through the vascular system to
cause systemic infection. Finally, virions need
to be acquired by vectors and transferred onto
new host plants. Each step of this cascade of
events requires a relatively reasonable proba-
bility of occurrence in order for a viable het-
eroencapsidated virus to develop or a viable
recombinant virus to emerge and start an out-
break. Several constraints associated with each
of these steps will reduce the success of the
final outcome.

On the other hand, transgene introgres-
sion from virus-resistant transgenic crops to
wild relatives is a dynamic process to be as-
sessed on a case-by-case basis. Based on out-
crossing potential and empirical evidence of
crop-to-wild introgression, among other fac-
tors such as spatial proximity, overlapping
flowering phenology, and virus incidence in
natural habitats, risk categories can be defined
(19, 90). Although many virus-resistant trans-
genic crops should be safe to release, others
should be approached with caution to avoid
the creation of weeds with enhanced fitness
and competitiveness.

OTHER ISSUES OF
VIRUS-RESISTANT
TRANSGENIC PLANTS

Although not directly related to safety is-
sues, resistance breakdown and coexistence of
transgenic and nontransgenic crops should be
considered when addressing the commercial-
ization of virus-resistant transgenic crops. We
discuss these in relation to the PRSV-resistant
transgenic papaya.
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Breakdown of Resistance

The question of resistance breakdown was ad-
dressed during the development of the trans-
genic papaya. A number of PRSV isolates
were collected throughout Hawaii and tested
against the transgenic papaya. Resistance held
up and no breakdown was observed in com-
mercial orchards on Oahu and Hawaii is-
lands (S.A. Ferreira, unpublished observa-
tions). Thus, eight years after its commercial
release, the transgenic Rainbow papaya con-
tinues to perform well in Hawaii.

Early on, greenhouse inoculations of
transgenic Rainbow showed resistance to
PRSV strains from Mexico but not to strains
from Thailand, Australia, and Brazil (93).
Later studies showed that resistance could
be broadened through increased transgene
dosage (89, 92), and SunUp, which is homozy-
gous for the CP gene, showed resistance to a
number of, but not all, PRSV strains outside
of Hawaii (92).

Although breakdown of resistance would
not pose an environmental or a food safety
risk, it is critical to constantly and proactively
monitor the introduction and emergence of
new viral strains from the standpoint of dis-
ease management. This is important because
it takes a long time to develop resistant plants,
and one wants to maximize the effectiveness
of the engineered resistance over time. Addi-
tionally, developing new resistant transgenic
plants is prudent so that solutions can be ob-
tained in a timely manner, should there be
a breakdown of resistance. In regard to pa-
paya, transgenic plants that are resistant to
PRSV strains of Hawaii and outside of Hawaii
have been developed (D. Gonsalves & S.A.
Ferreira, unpublished observations).

Coexistence of Transgenic
and Nontransgenic Crops

Our definition of coexistence is the growing of
transgenic and nontransgenic crops in practi-
cal spatio-temporal proximity such that they
can be raised with minimal transfer of genetic

characteristics from transgenic to nontrans-
genic, and vice versa.

In the United States, transgenic crops that
have been deregulated, like any other non-
transgenic crop, are not bound by law to be
grown in restricted locations. However, there
are circumstances for which coexistence is es-
sential. The two most common examples are
for (a) growing a crop organically, and (b)
shipping nontransgenic products to countries
that have not deregulated the transgenic ver-
sion of that crop. In relation to virus-resistant
transgenic papaya, coexistence is necessary in
that Japan represents a significant share of
Hawaii’s export market for papaya; and Japan
has not yet deregulated the transgenic papaya.
Therefore, transgenic and nontransgenic pa-
paya have to exist in close spatial proximity,
including in Puna where 88% of Hawaii’s pa-
paya are produced.

An identity preservation protocol for the
papaya market in Japan. This section was
largely taken from a recent review by one of
the authors (42). Japan and Canada are large
markets for the Hawaii papaya industry (20%
and 11%, respectively). Canada approved the
import of transgenic SunUp and Rainbow pa-
paya in January 2003. Therefore, shipments
of transgenic papaya fruits are continuing to
Canada. However, as discussed above, the
sale of transgenic papaya in Japan has not
yet been approved, and thus it is critical that
papaya shipments to Japan do not contain
transgenic fruits. Several safeguards are be-
ing implemented to minimize the presence of
transgenic papaya fruits in shipments destined
for export to Japan.

At the request of Japanese importers,
HDOA adopted an Identity Preservation Pro-
tocol (IPP) that growers and shippers must
adhere to in order to receive an IPP certifi-
cation (12, 42). This is a voluntary program.
Papaya fruit shipments with this certifica-
tion can be distributed in Japan without delay
while Japanese officials conduct spot testing
to detect the fortuitous presence of transgenic
papaya fruits. In contrast, papaya shipments
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without this certificate must remain in cus-
tody at the port of entry until Japanese officials
complete their spot checks for transgenic pa-
paya fruits. The tests may take several days or
a week to complete, during which time fruits
lose quality and marketability.

A significant feature of the IPP is that
nontransgenic papaya fruits must be har-
vested from orchards approved by HDOA.
To get approval, every tree in the proposed
field must be tested for the expression of the
β-d glucuronidase (gus) reporter gene that is
linked to the virus-resistance trait (23), and
be found negative. Nontransgenic trees must
be separated by at least a 4.5 m papaya-free
buffer zone, and new fields to be certified must
be planted with papaya seeds harvested from
trees grown in approved nontransgenic fields.
Tests are monitored by HDOA and conducted
by the applicant who must submit detailed
records to HDOA. Before final approval of
a field, HDOA will randomly test one fruit
from 1% of papaya trees in the orchard. If
approved by HDOA, fruits from these fields
can be harvested. Additionally, the applicant
must submit detailed protocols that will be
followed to minimize the presence of trans-
genic papaya fruits within fields of nontrans-
genic papaya trees. This includes a random
testing of papaya before they are packed for
shipment. If the procedures are followed and
tests are negative, a letter from HDOA will
accompany the shipment of papaya fruits to
Japan, stating that the shipment is in compli-
ance with a properly conducted IPP (12, 42).
The scheme of IPP has proved workable and
economical.

The above procedure represents a good
faith effort by HDOA and applicants to pre-
vent transgenic papaya fruits in shipments
of nontransgenic papaya fruits to Japan. It
also illustrates a productive collaboration be-
tween Japan and HDOA, resulting in contin-
ued shipments of nontransgenic papaya fruits
with a minimal delay once they arrive in Japan.
These safeguards, along with the effectiveness
of the transgenic papaya in boosting produc-
tion of nontransgenic papaya, have allowed

Hawaii to maintain significant shipments to
Japan without evidence of the fortuitous pres-
ence of transgenic fruits.

Transgene flow and organically grown
papaya. The IPP process has worked re-
markably well to prevent the shipment of
transgenic papaya fruits to Japan. This sug-
gests that gene flow is extremely low among
papaya, which should lessen the concern of
organic growers. Note that nearly all pa-
paya plants in Hawaiian commercial orchards
are hermaphrodites, which are largely self-
pollinated. Preliminary studies in the 1995
transgenic field trial in Puna, which consisted
of a large solid block of Rainbow surrounded
by six outside rows of nontrangenic papaya
(Figure 2c), showed transgenic seeds in 7% of
the nontransgenic hermaphrodites and 43%
of the female plants (66). The nearest row
of nontransgenic papaya tree was about 3 m
away from rows of transgenic trees. Trans-
genic seeds were not recovered from a PRSV-
infected nontrangenic papaya orchard located
400 m away from the solid Rainbow block.

Another ongoing study is monitoring ev-
idence of movement of transgenes by pollen
flow in commercial orchards in Puna. Seeds
were sampled from border or close to
border papaya trees in nontransgenic or-
chards growing adjacent to Rainbow orchards
(Figure 2g). So far, expression of the gus gene
has not been detected in 447 nontransgenic
trees that have been sampled (C. Gonsalves,
unpublished observations). Although not yet
complete, this study suggests that transgene
flow is minimal in nontransgenic papaya or-
chards growing in close proximity to trans-
genic papaya under commercial conditions in
Puna. In summary, coexistence is being rou-
tinely and successfully practiced in Hawaii.

Perhaps a larger challenge in growing non-
transgenic and organic papaya in Puna is that
PRSV is still present. Risks to growing sus-
ceptible trees are real (Figure 2h). In relation
to growing organic papaya, fungi and insects
create additional problems. With 2,540 mm
of rain per year, Phytophthora and other
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fungal problems are severe if not controlled
by fungicides, many of which are not certi-
fied for organic production. In fact, we are
not aware of any significant planting of or-
ganic papaya in Puna. On the other hand, on
Molokai island, where PRSV is not present
and rainfall is considerably less than in Puna, a
small organic papaya industry has just started.
Currently, there are about 20 hectares of or-
ganically grown papaya. The state of Hawaii
grows roughly 800–1,000 hectares of papaya.

Various groups have complained about
transgenic papaya being widespread in the
Hawaii islands. As noted above, the dereg-
ulated transgenic papaya can be grown any-
where, as can any nontransgenic papaya. The
option to grow transgenic or nontransgenic
papaya, or both, in back yards is eminently
feasible. As noted above, coexistence is rou-
tine at the commercial level (Figure 2g), and
a single grower will grow transgenic and non-
transgenic papaya depending on market pref-
erences, among other factors.

Presence of Plasmid Backbone
Sequences and Marker Genes

An ideal virus-resistant transgenic plant
would contain only the gene(s) conferring re-
sistance, without any plasmid backbone se-
quences and scorable marker genes. However,
virus-resistant transgenic plants typically con-
tain marker genes that facilitate their selection
and identification during the transformation
process. The neomycin phosphotransferase II
(npt II) gene, which imparts kanamycin resis-
tance, is commonly used in transgenic plants,
and less commonly used is the gus gene. The
npt II and gus genes have been thoroughly
tested and found to be safe for use in trans-
genic crops (4, 32). Plants transformed with
Agrobacterium tumefaciens largely do not con-
tain plasmid backbone sequences outside of
the T-DNA, but plants transformed via the bi-
olistic approach will often have plasmid back-
bone sequences.

Should there be any hesitation over the use
of the npt II and gus genes, and presence of

plasmid backbone sequences? The wide and
safe use of these genes and sequence elements
in transgenic crops has not given any reason
for concern. PRSV-resistant transgenic pa-
paya contain both the npt II and gus genes and
the consumption of million of kilograms of
transgenic papaya fruits over the past eight
years has not provided any evidence of com-
promising safety. It seems that the usefulness
of the npt II gene far outweighs any risks that
might evolve from its presence in transgenic
plants (32).

SUMMARY OF NEARLY TWO
DECADES OF SAFE RELEASE
OF VIRUS-RESISTANT
TRANSGENIC PLANTS

The concept of PDR has been successfully
applied to develop virus-resistant transgenic
crops over the past two decades. Many crop
plants have been tested under field condi-
tions, and a few have been commercialized
(Table 2). Deciphering the mechanisms un-
derlying resistance has shed new light on the
antiviral pathways of RNA silencing as po-
tent defense mechanisms against viruses in
transgenic plants. There is no doubt that the
technology is effective. However, only a very
limited number of virus-resistant transgenic
crops have been made available to growers.
Why? Several factors and impediments can
account for the limited success stories to date.
Regulatory requirements may be complex,
time-consuming, impractical, and too costly.
Thus, potential applicants who seek to dereg-
ulate a virus-resistant transgenic crop may be
discouraged. The hurdles facing claims to in-
tellectual property can be overwhelming. A
lack of strong commitment to deliver a prod-
uct to end-users, despite the benefits of the
technology, is another key factor. Also, the po-
litical pressure exerted by non-governmental
organizations to the development and release
of virus-resistant transgenic plants is another
important factor in many countries.

The safety of virus-resistant transgenic
plants has been extensively addressed over
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Table 2 Virus-resistant transgenic crops that have been tested in the field or
commercially released

Crop
Category/Common name Scientific name Resistance to
Cereals
Barley Hordeum vulgare Barley yellow dwarf virus
Canola Brassica napus Turnip mosaic virus
Corn Zea mays Maize dwarf mosaic virus,

Maize chlorotic dwarf virus,
Maize chlorotic mottle virus,
Sugarcane mosaic virus

Oat Avena sativa Barley yellow dwarf virus
Rice Oryza sativa Rice stripe virus,

Rice hoja blanca virus
Wheat Triticum aestivum Barley yellow dwarf virus,

Wheat streak mosaic virus
Flowers
Chrysanthemum Chrysanthemum indicum Tomato spotted wilt virus
Dendrobium Encyclia cochleata Cymbidium mosaic virus
Gladiolus Gladiolus sp. Bean yellow mosaic virus
Fruits
Grapefruit Citrus paradisi Citrus tristeza virus
Grapevine Vitis sp. Grapevine fanleaf virus
Lime Citrus aurantifolia Citrus tristeza virus
Melon Cucumis melo Cucumber mosaic virus,

Papaya ringspot virus,
Squash mosaic virus,
Watermelon mosaic virus,
Zucchini yellow mosaic virus

Papayaa Carica papaya Papaya ringspot virusa

Pineapple Ananas comosus Pineapple wilt-associated virus
Plum Prunus domestica Plum pox virus
Raspberry Rubus idaeus Raspberry bushy dwarf virus,

Tomato ringspot virus
Strawberry Fragaria sp. Strawberry mild yellow edge virus
Tamarillo Cyphomandra betacea Tamarillo mosaic virus
Walnut Juglans regia Cherry leafroll virus
Watermelon Citrullus lanatus Cucumber mosaic virus,

Watermelon mosaic virus,
Zucchini yellow mosaic virus,
Papaya ringspot virus

Forage
Alfalfa Medicago sativa Alfalfa mosaic virus

(Continued )
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Table 2 (Continued )

Crop
Category/Common name Scientific name Resistance to
Grass
Sugarcane Saccharum sp. Sugarcane mosaic virus,

Sugarcane yellow leaf virus,
Sorghum mosaic virus

Legumes
Bean Phaseolus vulgaris Bean golden mosaic virus
Clover Trifolium repens Alfalfa mosaic virus
Groundnut Arachis hypogaea Peanut clump virus,

Groundnut rosette virus
Pea Pisum sativum Alfalfa mosaic virus,

Bean leafroll virus,
Bean yellow mosaic virus,
Pea enation mosaic virus,
Pea seed-borne mosaic virus,
Pea streak virus

Peanut Arachis hypogaea Tomato spotted wilt virus,
Groundnut rosette assistor virus,
Peanut stripe virus

Soybean Glycine max Soybean mosaic virus,
Bean pod mottle virus,
Southern bean mosaic virus

Vegetables
Cucumber Cucumis sativus Cucumber mosaic virus,

Papaya ringspot virus,
Squash mosaic virus,
Watermelon mosaic virus,
Zucchini yellow mosaic virus

Lettuce Lactuca sativa Lettuce mosaic virus,
Lettuce necrotic yellows virus

Pepperb Capsicum Cucumber mosaic virus,b

Tobacco etch virus,
Potato virus Y

Potato Solanum tuberosum Potato virus A,
Potato virus X,
Potato virus Y,
Potato leafroll virus,
Tobacco rattle virus,
Tobacco vein mottling virus

Squasha Cucurbita pepo Cucumber mosaic virus,a

Papaya ringspot virus,
Squash mosaic virus,
Watermelon mosaic virus,a

Zucchini yellow mosaic virusa

(Continued )
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Table 2 (Continued )

Crop
Category/Common name Scientific name Resistance to
Sugar beet Beta vulgaris Beet necrotic yellow vein virus,

Beet western yellows virus
Sweet potato Ipomea batatas Sweet potato feathery mottle virus
Tomatob Solanum lycopersicum Beet curly top virus,

Cucumber mosaic virus,b

Tobacco mosaic virus,
Tomato mosaic virus,
Tomato spotted wilt virus,
Tomato yellow leaf curl virus

aCommercially released in the United States.
bCommercially released in the People’s Republic of China.

the past 15 years. Elucidating key areas of
environmental concern is an enticing re-
search subject. However, risk assessment stud-
ies need to be realistic to provide useful
information that enables us to distinguish per-
ceived and real risks. Risk assessment studies,
if focused exclusively on virus-host interac-
tions, for example, will remain little more than
excellent academic exercises with scant rele-
vance to risk assessment and a timely release
of virus-resistant transgenic plants. A major
impetus of our work was to provide a realistic
evaluation of virus-resistant transgenic crops.
For this reason, worst case scenarios were
imagined and experiments designed accord-
ingly. For example, the interaction between
an aphid-transmissible strain of WMV and
an aphid-nontransmissible strain of ZYMV
was selected to assess heteroencapsidation in
squash based on previous evidence on the spe-
cific relationship between the CP and helper
component (HC) of these two viruses to en-
hance aphid-mediated spread (58). A 2% het-
eroencapsidation rate was obtained with this
model system. This rate would have likely
been lower with another system, for exam-
ple, PRSV and ZYMV, based on the less strin-
gent specificity of their CP and HC (58). Also,
we mainly designed experiments to approach
commercial field settings under natural condi-
tions of virus infection and spread via arthro-

pod vectors. Another major driving force of
our work was to focus more on the conse-
quences than the occurrence of a specific po-
tential risk. For example, we not only mon-
itored the occurrence of gene flow between
virus-resistant transgenic squash and a wild
relative in experimental field settings but also
examined factors that influence the rate of
occurrence, and more important, the conse-
quences of transgene movement in hybrids in
terms of increased fitness.

Knowledge on the real effects of virus-
resistant transgenic plants has expanded as
more studies have been completed under real-
istic open environments in distinct locations.
Extensive research has provided a reasonable
certainty of limited, if any, consequences be-
yond natural background events. Two decades
after their introduction, no scientific study has
documented any detriment to the environ-
ment attributable to virus-resistant transgenic
plants. Also, there is a documented history of
safe commercial use of virus-resistant trans-
genic squash and papaya in the United States.
Lessons from field experiments and com-
mercial releases have provided overwhelm-
ing evidence that benefits largely outweigh
risks and that virus-resistant transgenic plants
are safe for the environment and consumers.
Based on existing scientific evidence, is a
case-by-case approach still justified to make
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decisions on the release of virus-resistant
transgenic crops? Or, can broader conclusions
be drawn, especially regarding those plants
that express CP genes, without compromis-
ing safety on the environment and human
health?

SOME SUGGESTIONS

A major reason for funding risk assessment
research is to gather information that help
government officials make decisions on set-
ting up regulatory frameworks for transgenic
plants. It is reasoned that the research will help
authorities determine the potential safety is-
sues that need to be minimized, disregarded,
or emphasized.

Evidence suggests that heteroencapsida-
tion and recombination between viral trans-
gene products and challenge viruses are not
real risks and can be minimized or disre-
garded when assessing virus-resistant trans-
genic plants for deregulation. Likewise, the
case of allergenicity of CPs can be mini-
mized. Why? People have been consuming
virus-infected fruits and vegetables for ex-
tended time with no ill effects caused by
the plant virus components, such as the CP
and promoter sequence elements. Further-
more, because the mechanism of virus re-
sistance using CP and other viral genes is
based on PTGS, resistant plants will almost
always produce undetectable or low concen-
trations of proteins and transgene transcripts
as compared to virus-infected plants. Thus,
we suggest that heteroencapsidation and re-
combination can be broadly minimized and
do not have to be considered on a case-by-
case basis. This could also apply to the aller-
genicity of CP. However, given that a viral
CP sequence can be easily analyzed for its
potential allergenicity using accepted bioin-
formatics and other criteria, this question
can be addressed early on. If the transgene
sequence does not have significant amino
acid sequence homology with known aller-
gens, then allergenicity would not need to be
considered.

In contrast, gene flow and all its ramifica-
tions need to be considered on a case-by-case
basis. The fact that a viral CP gene could be
used to confer resistance to viruses in many
different plant species that may have differ-
ent outcrossing potential, weediness tenden-
cies, and distinct habitats provides strong rea-
sons for a case-by-case approach to determine
if there is a serious potential environmental
risk. An accumulation of objective case-by-
case analyses will likely provide a solid frame-
work to determine the amount of informa-
tion necessary to make realistic regulatory
decisions.

Although each country ultimately deter-
mines its own regulatory framework and re-
quirements for granting exemption status to
transgenic crops, it seems that the risks of het-
eroencapsidation and recombination can be
eliminated or minimized in regulations across
countries. This streamlining would have the
merit of reducing expenditure in the time
and resources involved in deregulating virus-
resistant transgenic crops. Furthermore, al-
lergenicity of viral CPs does not need to be
investigated if there is evidence for routine
consumption of plant products already in-
fected with the target virus(es), and if the
sequence of the CP transgene does not have
significant homology with potential aller-
gens according to accepted bioinformatics and
other criteria.

Finally, viruses continue to play a major
role in limiting the production of many crops.
Research is ongoing in numerous institutions
worldwide to develop innovative and sustain-
able control strategies needed to mitigate the
losses to agriculture from viruses. As such,
virus-resistant transgenic plants are in the in-
terest of stakeholders, including growers and
consumers. Virus-resistant transgenic crops,
which offer numerous benefits to growers and
consumers, need to be deployed safely after
due assessment of safety considerations. How-
ever, risk assessment studies need to be realis-
tic to provide valuable assistance to regulatory
authorities for the safe and timely release of
such crops.
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SUMMARY POINTS

1. Numerous virus-resistant transgenic crops have been successfully developed over the
past two decades, and a few of them have been commercially released.

2. Virus-resistant transgenic crops offer many benefits, of economical, horticultural,
epidemiological, environmental, and social importance, to agriculture and society.

3. Questions regarding the potential safety ramifications to the environment and human
health have been raised over virus-resistant transgenic crops.

4. Extensive safety assessment studies have been carried out over the past 15 years. They
provided new insights into the real effect of virus-resistant transgenic plants and
demonstrated a limited, if any, significance beyond background events of issues such
as heteroencapsidation, recombination, synergism, impact on nontarget organisms,
and food safety in terms of allergenicity.

5. Realistic risk assessment is recommended to assist regulatory authorities in making
decisions for the safe and timely release of virus-resistant transgenic crops.

FUTURE ISSUES

1. Taking into account the wealth of field observations and experimental data on the
limited, if any, adverse effects of heteroencapsidation, recombination, synergism, im-
pact on nontarget organisms, and food safety in terms of allergenicity should be an
important step towards reaching a consensus and simplifying regulatory requirements
for the release of virus-resistant transgenic crops.

2. Addressing the consequences of gene flow from virus-resistant transgenic crops to wild
relatives should remain a major research priority for risk assessment grant programs.

3. Harmonizing regulatory frameworks between countries should be a priority to fa-
cilitate technology transfer efforts and timely releases of virus-resistant transgenic
crops.

ACKNOWLEDGMENTS

Research on the safety of virus-resistant transgenic crops in the authors’ laboratories has been
supported by competitive grants from USDA-CSREES Biotechnology Risk Assessment Grants
Program and the European Commission. Special thanks are due to various members of our
laboratories for their contributions, and to Dr. L.M. Yepes for comments and critically reading
the manuscript. We are grateful to Joe Ogrodnick and Donna Boyce for artwork.

LITERATURE CITED

1. Acord BD. 1996. Availability of determination of nonregulated status for a squash line
genetically engineered for virus resistance. Fed. Regist. 61:33484–85

2. Adair TL, Kearney CM. 2000. Recombination between a 3-kilobase tobacco mosaic virus
transgene and a homologous viral construct in the restoration of viral and nonviral genes.
Arch. Virol. 145:1867–83

196 Fuchs · Gonsalves

A
nn

u.
 R

ev
. P

hy
to

pa
th

ol
. 2

00
7.

45
:1

73
-2

02
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

01
/1

6/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV319-PY45-08 ARI 12 July 2007 11:20

3. Allison RF, Schneider WL, Greene AE. 1996. Recombination in plants expressing viral
transgenes. Semin. Virol. 7:417–22

4. Anonymous. 2003. Food Produced from Glyphosate-Tolerant Sugar Beet Line 77. Saf. Assess.
Rep. Tech. Rep. Ser. No. 24, Canberra, Aust.: Food Standards Aust. NZ

5. Anonymous. 2006. Program synopsis. USDA Biotechnol. Risk Assess. Grants (BRAG) Program.
http://www.csrees.usda.gov/funding/brag/brag synopsis.html

6. Anonymous. 2006. Summer Squash. Seminis Vegetable Seeds. http://us.seminis.com/
pc/downloadDocument.do?id=5721

7. Arce-Ochoa JP, Dainello F, Pike LM, Drews D. 1995. Field performance comparison
of two transgenic summer squash hybrids to their parental hybrid lineage. HortScience
30:492–93

8. Bartsch D, Schmidt M, Pohl-Orf M, Haag C, Schuphan I. 1996. Competitiveness of
transgenic sugar beet resistant to beet necrotic yellow vein virus and potential impact on
wild beet populations. Mol. Ecol. 5:199–205

9. Baulcombe D. 2004. RNA silencing in plants. Nature 431:356–63
10. Borja M, Rubio T, Scholthof HB, Jackson AO. 1999. Restoration of wild-type virus by

double recombination of tombusvirus mutants with a host transgene. Mol. Plant-Microbe
Interact. 12:153–62

11. Callaway A, Giesman-Cookmeyer D, Gillock ET, Sit TL, Lommel SA. 2001. The mul-
tifunctional capsid proteins of plant RNA viruses. Annu. Rev. Phytopathol. 39:419–60

12. Camp SG III. 2003. Identity preservation protocol for non-GMO papayas. Proc. Virus
Resistant Transgenic Papaya in Hawaii: A Case for Technology Transfer to Lesser Developed
Countries. OECD/USAID/ARS Conf., pp. 95–100. Oct. 22–24, Hilo, HI

13. Candelier-Harvey P, Hull R. 1993. Cucumber mosaic virus genome is encapsidated in
alfalfa mosaic virus coat protein expressed in transgenic plants. Trans. Res. 2:277–85
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